Introduction
Activated macrophages have the capacity to recognize and destroy neoplastic cells. To eradicate individual tumor cells or circulating micrometastases in vivo, macrophages may rely upon the expression of one or more cytotoxic effector mechanisms, some requiring cell-to-cell contact and others dependent on the elaboration of soluble effector molecules such as cytolytic proteases, TNF-␣ , and active oxygen species, i.e., peroxides and nitric oxide (NO) 1 (1) (2) (3) (4) (5) . Phagocytosis, i.e., the uptake of particles, by macrophages can be accompanied by the release of specific molecules. The contact between a suitable particle and its receptor on the surface of a macrophage elicits the production of compounds such as reactive oxygen species and NO. The close contact of the particle to be phagocytosed with a specific receptor or binding site seems to be sufficient to trigger response (6) . Goodrum et al. (7) have reported recently that ligated complement receptor type 3 (CR3; CD11b/CD18) and IFN-␥ act synergistically to induce NO production and that CR3 mediates the group B streptococcus-induced signal for NO production in IFN-treated macrophages.
Kupffer cells are the macrophages of the liver and represent the largest population of fixed mononuclear phagocytes in the body (8) . Recent reports from our laboratory indicate that NO mediates mitochondrial dysfunction in syngeneic hepatoma cells cocultured with nonactivated Kupffer cells (9) , and that ICAM-1/CD18-dependent adhesion to hepatoma cells stimulates Kupffer cells to induce NO synthase and release an excessive amount of NO (10) . Consequently, previous studies have suggested that NO released from Kupffer cells modulates biological activities of hepatoma cells, and binding of CD18 and ICAM-1 leads to the NO production by iNOS. Thus, it is of interest to understand the mechanisms by which expression of iNOS is regulated in the cell-to-cell interactions between Kupffer cells and hepatoma cells.
Cells can respond to extracellular stimuli by the de novo synthesis of proteins. A very frequent regulatory event in such responses is the upregulation of mRNA synthesis by transcriptional activator proteins. These sequence-specific DNA binding proteins interact with promoter and enhancer elements of target genes and thereby induce the assembly of a transcription initiation complex. NF-B is a member of a novel family of transcription factors sharing a common structural motif for DNA binding and dimerization. Xie et al. (11, 12) recently cloned a promoter of the murine gene coding for iNOS and demonstrated that the promoter contains NF-B binding sites. They also reported that activation of NF-B/Rel is critical in the induction of iNOS by LPS. It is well known that NF-B is activated by factors such as cytokines, mitogens, LPS, viruses, double-stranded RNA, and agents providing oxidative stress. The activation of NF-B can be blocked by thiol compounds (13-15). 20-30 mM N -acetyl-l -cysteine (13, 14) or 0.5 mM l -cysteine (15) could block NF-B induction upon treatment of cells with PMA or TNF. The chemical basis for the inhibitory effect of the compounds seemed to lie in an oxygen radical-scavenging effect of the thiol groups. An involvement of reactive oxygen intermediates in the effects of PMA and TNF was further evident from depletion of glutathione levels (14, 16) and release of H 2 O 2 and O 2 Ϫ when cells are stimulated with PMA or TNF (17) (18) (19) (20) (21) . More direct evidence that oxygen radicals play a role in the activation of NF-B came from the demonstration that exposure of cells to micromolar amounts of H 2 O 2 can activate the transcription factor and the B-dependent induction of a reporter gene under control of the HIV-1 LTR (13). Subsequently, it was shown that induction of NF-B by many other inducers, such as cycloheximide, double-stranded RNA, bacterial LPS, IL-1, lectin, calcium ionophore (13), and the viral transactivator tax from HTLV-1, was also an important and widely used messenger in the activation of NF-B (22) . Thus, these facts raise a possible scenario that CD18/ ICAM-1-dependent iNOS induction and NO production by Kupffer cells are regulated by oxidative activation of NF-B. This scenario is tenable inasmuch as that CD18 and ICAM-1 interaction stimulates production of active oxygen species (23) .
Although calcium ionophore such as A23187 is also known as an NF-B-inducing agent, roles for calcium in this activation process have not been fully investigated. It is postulated that calcium mobilization leads to oxidative NF-B activation, because calcium ionophore-dependent activation of NF-B is inhibitable with antioxidants (24) . Interestingly, the oscillatory activity of cytosolic free calcium in adherent neutrophils is mediated through the CD11b/CD18 integrins (25) . More recent studies further suggested that ligation of monocyte integrins with antibodies results in a rapid increase in message levels for inflammatory mediator genes including IL-1 ␤ , TNF-␣ , and IL-8, and that the 5 Ј regulatory regions of many of the genes induced by integrin ligation contain binding motifs for the NF-B. These findings led us to hypothesize that cell-to-cell adhesive interactions via CD18 and ICAM-1 cause calcium-mediated NF-B activation in Kupffer cells.
Thus, major objectives of this study were: ( a ) to estimate whether NO is released from rat Kupffer cells in response to coculture with hepatoma cells; ( b ) to investigate the mechanisms by which Kupffer cells synthesize and release NO in response to hepatoma cells; and ( c ) to evaluate to what extent calcium mobilization and oxygen radical are involved in the process for NF-B activation leading to NO production in Kupffer cells. These issues were addressed by using fluorographic studies performed under a laser scanning confocal microscope.
Methods
Cell preparation. Kupffer cells were isolated from male Wistar rats (200-250 g) according to the method described previously (9, 10, 26) . Isolated Kupffer cells were cultured for 48 h before each experiment at 37 Њ C under a humid atmosphere of 5% CO 2 . A rat hepatoma cell line, AH70, was used as a target to determine the cytotoxic effect of Kupffer cells (9, 10) . AH70 cells were seeded at 24 h before experiments and cultured at 37 Њ C under a humidified atmosphere of 5% CO 2 . DMEM (Gibco Laboratories, Grand Island, NY) with 10% FCS (Gibco Laboratories), 100 IU/ml of penicillin (Gibco Laboratories), and 100 g/ml of streptomycin (Gibco Laboratories) was used as the medium in this culture system (9, 10) . When the viability of cultured cells was Ͼ 95% as determined by the trypan blue exclusion test, the cells were used for the experiments (9, 10, 26) . Every precaution was taken in our laboratory to ensure that additives, medium, and plastic materials used in the course of this study were free of endotoxin as measured by Limulus amebocyte lysate test kit (Whittaker Bioproducts, Walkersville, MD) which has a sensitivity of 0.1 ng/ml.
Fluorescence in situ hybridization for iNOS mRNAs. Induction of iNOS mRNA in cultured cells was investigated by the method of fluorescence in situ hybridization ( FISH ). Cultured cells in an 8-well Lab Tek tissue culture chamber were washed three times with PBS (pH 7.4) and fixed with 4% paraformaldehyde for 30 min. After being washed three times with PBS, cells were incubated with 0.2 N HCl for 15 min at toom temperature. The chamber was rinsed with PBS, and then the cells were incubated with proteinase K (2 g/ml, Sigma Chemical Co., St. Louis, MO) for 10 min at 37 Њ C. After washing, the cells were fixed again with 4% paraformaldehyde for 5 min. After washing three times with glycine solution (2 mg/ml in PBS), the cells were incubated in a prehybridization buffer containing formamide (50 ml), 5 ϫ SSC (25 ml), 0.1% (wt/vol) SDS (1 ml), 6% (wt/vol) dextran sulphate (10 ml) in total 100 ml for 30 min at 42 Њ C. The cells were then incubated in the same buffer supplemented with cDNA for rat iNOS which was prelabeled with fluorescein-11-dUTP by using a fluorescein gene images labeling and detection system (Amersham, Buckinghamshire, United Kingdom). After overnight incubation at 42 Њ C, the culture chamber was washed twice with 1 ϫ SSC containing 0.1% (wt/vol) SDS and then with 0.5 ϫ SSC containing 0.1% SDS. The coverslipped chamber was settled under an inverted-type fluorescence microscope (Diaphot, TMD-2S; Nikon, Tokyo, Japan). Confocal imaging was performed using an MRC 600 confocal microscope (Bio Rad, Watford, United Kingdom) mounted on the inverted-type fluorescence microscope with a 63 ϫ oil immersion lens. A multipleline argon-ion laser beam (25 mW) was used for a single fluorescein emission after excitation at 488 nm with a filter for fluorescein (10) . Laser scanning confocal and conventional fluorescence microscopic observations were carried out by an examiner who was blinded to the treatments.
Immunofluorescence studies on iNOS. The distribution of iNOS protein in AH70 cells and Kupffer cells was observed under the same laser scanning confocal imaging system (10) . Cultured AH70 cells and rat Kupffer cells in an 8-well Lab Tek tissue culture chamber were washed three times with PBS (pH 7.4) and fixed with 4% paraformaldehyde for 30 min. After being washed three times with PBS, cells were incubated in PBS containing 0.1% Triton X 100 for 5 min. The cells were rinsed in PBS and thereafter incubated with PBS containing 1% BSA and a mouse monoclonal antibody directed against iNOS (N32020; Transduction Laboratories, Lexington, KY; final concentration 5 g/ml) for 60 min at 4 Њ C. After washing three times with PBS containing 1% BSA, the cells were incubated with an FITC-conjugated rabbit anti-mouse IgG 2a antibody (20 g/ml; Zymed Laboratories Inc., South San Francisco, CA) dissolved in PBS containing 1% BSA for 20 min at room temperature in the dark. Cells were washed again, and a nonfluorescent cover slip was mounted on the chamber slide. Confocal imaging was performed as described above.
Nitrite and nitrate levels in the culture media. Isolated Kupffer cells and AH70 cells were either individually cultured or cocultured in DMEM (1 ϫ 10 6 cells/ml) for 24 h. The combined level of nitrite and nitrate in the culture medium was determined using a minor modification (27) of the method described by Granger et al. (28) in which all nitrate is reduced to nitrite by Escherichia coli -derived nitrate reductase (Sigma Chemical Co.). 100 l of culture medium was incubated for 60 min at 37 Њ C in a 500-l reaction volume containing 0.1 M Hepes buffer (pH 7.4), 0.3 M ammonium formate, and 0.05 U/ml E. coli -derived nitrate reductase. After the incubation period, the reaction solutions were centrifuged and the supernatant was added to 1 ml of the Griess reaction. Absorbance at 543 nm was recorded, and nitrite and nitrate levels were determined from standard plots which were made by using various concentrations of sodium nitrite (Sigma Chemical Co.) and sodium nitrate (Sigma Chemical Co.).
Fluorescence in situ DNA-protein binding assay for detecting NF-B activation. Cultured cells on an 8-well slide chamber were fixed with 2% paraformaldehyde at room temperature for 30 min. After washing three times with Hepes buffer (10 mM Hepes-NaOH, 40 mM NaCl, 0.1 mM EDTA, pH 7.4), cells were incubated with Hepes buffer containing 0.2 mg/ml DNasel (Sigma Chemical Co.) at 30 Њ C for 30 min. After washing three times, cells were further incubated with Hepes buffer containing 0.25% bovine serum albumin (Sigma Chemical Co.), 1 g/ml poly [dl-dC] (Sigma Chemical Co.), 100 ng/ml poly dC (Sigma Chemical Co.), and 1 ng/ml FITC-labeled oligodeoxynucleotides including consensus sequence for an NF-B binding site of iNOS gene (5 Ј -TG G GGA CTC TCC CTT TGG GAA CAG TTA TGC AAA ATA GCT CTG-3 Ј -FITC) (11, 12) at 30 Њ C for 60 min in the dark. As negative controls, either 1 ng/ml 5 Ј -AC G AGC TAT TTT GCA TAA CTG TTC CCA AAG GGA GAG TCC CCA-3 Ј -FITC or 1 ng/ml 5 Ј -TG G GAG AGT CCC CTT TGG GAA CAG TTA TGC AAA ATA GCT CTG-3 Ј -FITC was used as the oligodeoxynucleotides. Cells were washed again, and a nonfluorescent cover slip was mounted on the chamber slide. Confocal imaging was performed as described above. The number of fluorescence-positive Kupffer cells was calculated in the 10 randomly selected fields of the conventional fluorescence microscope (magnification of 1,000).
Intracellular calcium mobilization. To monitor the intracellular level and distribution of Ca 2 ϩ in Kupffer cells, Kupffer cells were preloaded with 5 M fluo-3 (Dojin, Kumamoto, Japan), a calcium-sensitive fluorescence dye, for 60 min (29, 30) . Fluorographic alterations were observed under the experimental conditions described below. Confocal imaging was performed using the same laser scanning confocal microscopic system. A multiple-line argon-ion laser beam (25 mW) was used for single fluorescein emission after excitation at 488 nm with a filter for fluorescein. This procedure allowed a sharp visualization of weak labelings even with the highest magnification. Photomicrographic images of the cocultures were also recorded with a transillumination light source for the microscope. From these images, the area of each Kupffer cell was determined on a computer monitor. Temporal alterations of fluorescence intensity in each Kupffer cell was automatically calculated with the digital imaging processor and expressed as gray level units (0-255 counts) per unit area (pixel) by a computer-assisted image analyzing system (Macintosh, Apple Computers, Cupertino, CA).
To further quantify the fluo-3-associated fluorescence intensity, a fluorescence laser scanning system equipped with a computer-assisted image analyzer (FluorImager 575; Molecular Dynamics, Sunnyvale, CA) was used. Kupffer cells cultured on 96-well multititer plate (1 ϫ 10 5 per well) were loaded with 5 M fluo-3 for 60 min. After washing several times with DMEM, the plate was settled in the fluorescence scanner. The laser scanning was performed, and the fluoroimage was displayed on the computer monitor. Fluorescence intensity in each well was calculated by using an analysis software (ImageQuant; Molecular Dynamics). The fluo-3 fluorescence intensity was expressed according to the following formula:
where It is intensity at each time period, Ib is intensity before treatment, and Ic is intensity 5 min after addition of 8-diethyloctylamino trimethoxy benzoate (TMB-8, 100 M, Sigma Chemical Co.), an intracellular Ca 2 ϩ scavenger, to the culture medium. Intracellular oxidation. To investigate temporal alterations of oxidative stress in individual Kupffer cells, 2 Ј 7 Ј -dichlorofluorescin diacetate (DCFH-DA; Eastman Kodak Co., Rochester, NY) was used according to the method of Cathcart et al. (31) DCFH-DA. Cells, adequate for the assay, were selected in the microscopic frame, and the green fluorescence was visualized by using the same confocal laser scanning fluorescence analyzing system described above. The alterations of dichlorofluorescein (DCF), which is the oxidized form of DCFH, -associated fluorescence were quantified and expressed according to the same procedure used for quantification of fluo-3 fluorescence (without use of TMB-8).
Experimental protocol. Cultured AH70 cells were collected with a cell scraper, and AH70 cell-containing culture medium was added to the cultured Kupffer cells to give a final AH70/Kupffer ratio of 1:10. The coculture of AH70 cells and Kupffer cells was carried out for an additional 8 h. In the control, the culture medium of Kupffer cells was exchanged, and Kupffer cells were cultured for an additional 8 h without coculture with AH70 cells. In some experiments, effects of sense (5 Ј -GTGCTAATGCGGAAGGTCATG, 20 M) and antisense (5Ј-CATGACCTTCCGCATTAGCAC, 20 M) oligonucleotides against iNOS mRNA were examined by adding these oligonucleotides at the start of coculture. To further assess the role of NF-B, 100 M pyrrolidine dithiocarbamate (PDTC; Sigma Chemical Co.), an inhibitor of oxidative NF-B activation (32) , was added to the culture medium. To elucidate involvements of active oxidants in the activation process of NF-B, either N,NЈ-dimethylthiourea (DMTU, 10 mM; Janssen Chimica, B-2440 Geer, Belgium), a small, permeable, and relatively nontoxic scavenger of hydrogen peroxide and the hydroxyl radical (33, 34), 10 M diphenylene iodonium (DPI; Sigma Chemical Co.) (35) , an NADPH oxidase inhibitor, or 5 M quinacrine (Sigma Chemical Co.) (35), a phospholipase A 2 inhibitor, was added to the culture medium. To examine possible involvement of calcium mobilization, 100 M TMB-8 was added to the coculture system. To examine involvements of adhesion molecules such as CD18 and ICAM-1, either a mouse monoclonal antibody (mAb, IgG 1 ) directed against rat ICAM-1 (1A29; Seikagaku Co., Tokyo, Japan) or CD18 (WT-3; Seikagaku Co.) was administered to the culture medium to give a final concentration of 60 g/ml (10).
In another series of experiments, a calcium ionophore, 10 M A23187 (Sigma Chemical Co.), was added to the culture medium of Kupffer cells, and the same investigations were performed.
Statistical analysis. The data obtained in this study are expressed as the meansϮSE of six experiments, which were individually performed using Kupffer cells isolated from different rats. The data were analyzed using a standard statistical procedure, i.e., ANOVA with Scheffe's post-hoc test. Statistical significance was set at P Ͻ 0.05. (Fig. 1 C) . The mRNA was not detected in individually cultured Kupffer cells (Fig. 1 B) or AH70 cells (Fig. 1 A) . Fig. 2 represents the laser scanning confocal microscopic observations on expressions of iNOS in coculture system of AH70 cells and rat Kupffer cells. Anti-iNOS mAb-associated fluorescence was not found on individually cultured AH70 cells (Fig. 2 A) or Kupffer cells (Fig. 2 B) . After 8 h of coculture, a marked increase in the fluorescence of anti-iNOS mAb was observed in the cytosol of Kupffer cells, which closely adhered to AH70 cells, but not in AH70 cells (Fig. 2 C) . Table I summarizes the nitrite and nitrate levels in the culture medium 8 h after each treatment. The coculture of Kupffer cells with AH70 cells significantly increased the nitrite and nitrate levels in the culture medium (11-fold increase). The increase in the nitrite and nitrate levels after the coculture was effectively attenuated by the addition of antisense oligonucleotides against iNOS mRNA (70% inhibition) but not by sense oligonucleotides. Addition of either DMTU, PDTC, TMB-8, DPI, quinacrine, mAb directed against CD18, or ICAM-1 significantly attenuated the increased level of nitrite and nitrate observed in the culture medium of Kupffer cells cocultured with AH70 cells. (Fig. 3 A) . Within 30 min after the coculture with AH70 cells, the fluorescence was detected in cytosol and nucleus of Kupffer cells (Fig. 3 B) . The fluorescence was further accumulated in nuclei of Kupffer cells 1 h after the coculture with AH70 cells (Fig. 3 C) . When the control oligodeoxynucleotides were used, no significant fluo- rescence was detected in Kupffer cells even 1 h after the coculture (fluorograph was not shown). Table II summarizes the number of Kupffer cells with the DNA-protein binding-associated fluorescence 1 h after each treatment. Without coculture with AH70 cells, the number was Ͻ 3%, whereas the activated NF-B was observed in 45.6Ϯ 3.5% of Kupffer cells subjected to coculture with AH70 cells. The increase in the number of Kupffer cells with activated NF-B was significantly attenuated by addition of either DMTU (80% inhibition), PDTC (80% inhibition), TMB-8 (75% inhibition), DPI (66% inhibition), quinacrine (56% inhibition), mAb directed against CD18 (72% inhibition), or ICAM-1 (44% inhibition). Neither antisense nor sense oligodeoxynucleotides against iNOS and mRNA attenuated the NF-B activation in Kupffer cells. Fig. 4 shows DCF fluorescence in Kupffer cells before and after the coculture with AH70 cells. DCF diffusely labeled the cytosol of cultured Kupffer cells preloaded with DCFH-DA (Fig. 4 A) . DCF fluorescence in Kupffer cells which adhered to AH70 cells increased within 10 min after the coculture (Fig. 4 B) . (Fig. 7 B) . 2-fold higher level than that in Kupffer cells alone, and further elevated to a 2.5-fold level 30 min after the coculture. The fluorescence intensity gradually decreased up to 60 min after the coculture, however, the level of fluorescence intensity was still higher than that of Kupffer cells alone (P Ͻ 0.05). Table III 
Results

Fig
. 1 demonstrates the expression of iNOS mRNA which was detected by the mRNA FISH method. The iNOS mRNAassociated fluorescence in the cytosol of Kupffer cells which were cocultured with AH70 cells for 4 h but not in AH70 cells themselves was clearly visualized under the laser scanning confocal microscope
Discussion
This study provided evidence to support the hypothesis that nonactivated Kupffer cells isolated from rat liver synthesize and release NO in response to adhesive interactions with syngeneic hepatoma cells. The present results showing the effects of antisense oligodeoxynucleotides against iNOS mRNA suggest that coculture with AH70 cells actually upregulates NO production at the level of mRNA transcription rather than the level of iNOS protein synthesis. Supportingly, the present FISH and immunofluorescence studies revealed that Kupffer cells adhered to AH70 cells actually express iNOS mRNA as well as iNOS protein in the cytosol. Although the biological effects of macrophage-derived cytotoxic effectors are relatively well known, the present knowledge on the detailed mechanisms by which these cells cause tumor cell death remains incomplete. Previous studies from our laboratory have demonstrated that L-NMMA, an NO synthesis inhibitor, attenuates the mitochondrial dysfunction in hepatoma cells (9, 10) as well as hepatocytes (26) induced by rat Kupffer cells. The results of the previous studies also showed that dexamethasone or aminoguanidine, which inhibits iNOS activity but not cNOS activity (36, 37) , diminishes the Kupffer cell-induced mitochondrial dysfunction in cocultured hepatoma cells (10) . Thus, it has been postulated that excessive NO production by iNOS leads to the hepatoma cell injury observed after the coculture with nonactivated Kupffer cells. We have also reported that nonactivated Kupffer cells recognize and adhere to hepatoma cells via CD18/ICAM-1-dependent mechanisms and release NO (9, 10, 38) . In addition, treatment with either CD18 or ICAM-1 monoclonal antibody inhibits NO production and attenuates the Kupffer cell-mediated hepatoma cell injury (10), suggesting the involvement of CD18/ICAM-1 in the signal transduction of Kupffer cells. In this study, incubation with mAb directed against either CD18 or ICAM-1 significantly attenuated the increase in NO synthesis of Kupffer cells interacted with AH70 cells. Taken together with the previous reports, this study strongly suggests that nonactivated Kupffer cells adhere to hepatoma cells via CD18 and ICAM-1, and subsequently exert cytotoxic and cytostatic actions on hepatoma cells via an NO-dependent mechanism (Fig. 9) . This scenario is supported by the previous report from Goodrum et al. (7) which shows that CD11b/CD18 mediates the bacteria-induced NO production in murine macrophages, and is further supported by other studies which indicate that integrins are the primary signal transduction molecules regulating selective mRNA expression (39) (40) (41) (42) (43) (44) .
Initiation of mRNA synthesis is a primary control point in the regulation of gene expression. Systematic mutational analysis revealed that each gene has a particular arrangement of positive and negative regulatory elements uniquely arranged as to type, number, and spatial array. In response to specific environmental stimuli, the activated transcription factor binds to a specific DNA sequence and confers the ability upon the target gene to synthesize mRNA. One of the major inducible transcription factors which is activated in a variety of responses to stress or injury is NF-B. NF-B is localized in the cytoplasm in an inactive form where it is asociated with an inhibitor protein, IB. The inhibitor retains the NF-B complex in the cytoplasm and inhibits DNA binding. The various NF-B activators cause an alteration of IB, possibly phosphorylation, allowing NF-B to be released from the complex. NF-B then moves to the nucleus, where it binds to the DNA recognition site and mediates gene transcription.
The fluorescence DNA-protein binding assay used in this study is based on the nature of NF-B. The FITC-labeled oligodeoxynucleotides comprising specific NF-B binding sites of iNOS promoter can bind to only activated NF-B in mainly cytosol and in part nucleus. Then, the bound FITC-labeled oligonucleotides move into the nucleus according to the movement of activated NF-B, which can be shown as an accumulation of FITC fluorescence in nuclei under the laser scanning confocal microscope. Thus, the DNA-binding activity of NF-B in cultured cells was detected by this method, and the number of Kupffer cells in which nucleus is positively stained with FITC was calculated as an indicator of NF-B activation in Kupffer cells after the coculture with AH70 cells. The results obtained from this assay clearly revealed that FITC fluorescence can be visualized in nucleus of Kupffer cell which adhered to AH70 cells, and the number of FITC-positive Kupffer cells significantly increases after the coculture with AH70 cells. Therefore, it is possible that adhesive interaction with AH70 cells activates Kupffer cell NF-B which is known to regulate transcription of iNOS and mRNA (11, 12) . Attenuating effect of treatment with mAb against CD18 and ICAM-1 suggests that adhesive interaction which causes NF-B activation largely depends on CD18/ICAM-1 (Fig. 9) .
In some cell types, hydrogen peroxide or depletion of glutathione levels rapidly activates NF-B; antioxidants inhibit NF-B activation. Thus, the presence of reactive oxygen intermediates correlates directly with the activation state of NF-B. NF-B is sensitive to redox changes in vitro; however, general oxidation of the transcription factor inactivates the complex (45) . This suggests that the activity of the factor is selectively modified by a specific mechanism and not regulated by the general cellular redox potential. Based on these observations, models have been proposed in which generation of reactive oxygen intermediates dissociates the inactive cytoplasmic NF-B. The active form of NF-B migrates to the nucleus where it binds cognate recognition elements and specifically activates transcription. Therefore, the oxidative stress was monitored in cultured cells by using oxygen-sensitive fluorescence probe DCFH-DA. The fluorescence of DCF which is the oxidized form of DCFH initially (within 10 min) increased in Kupffer cells adhered to AH70 cells, suggesting the production of oxygen radicals. The increase in DCF fluorescence was effectively attenuated by DMTU and PDTC, both of which are cell membrane-permeable antioxidants. Incubation with mAbs directed against CD18 and ICAM-1 also prevented the DCF activation in Kupffer cells cocultured with AH70 cells. Furthermore, the increases in NF-B activation and NO production in Kupffer cells cocultured with AH70 cells were also prevented by the addition of either one of these agents. Therefore, it is concluded that CD18/ICAM-1-dependent oxyradical production may lead to NF-B activation and NO production in Kupffer cells. Attenuating effects of DMTU, a hydrogen peroxide scavenger, and PDTC, an inhibitor of oxidative NF-B activation, on increases in DNA-protein binding-positive Kupffer cells and NO production strongly suggest the occurrence of oxidative activation of NF-B leading to NO production in Kupffer cells.
We further investigated the source of oxygen radicals which activate Kupffer cell NF-B after the coculture with AH70 cells. DPI, an NADPH oxidase inhibitor, as well as quinacrine, a phospholipase A 2 inhibitor, effectively attenuated increases in DCF fluorescence and NO production of Kupffer cells and the number of DNA-protein binding assaypositive Kupffer cells observed after the coculture with AH70 cells, whereas these agents did not alter the fluo-3 fluorescence. Inhibitory effects of these agents suggest that NADPH oxidase and phospholipase A 2 contribute to oxidative NF-B activation leading to NO production of Kupffer cells in response to CD18/ICAM-1-dependent adherence to AH70 cells. However, the present results do not eliminate an involvement of other oxygen radical sources such as xanthine oxidase and calcium-independent phospholipase A 2 . Therefore, further detailed examinations are required to evaluate major oxygen sources for NF-B activation in Kupffer cells.
Another important evidence provided by this study is the involvement of calcium in the proess for oxidative activation of NF-B and NO production of Kupffer cells. Investigations using fluo-3 clearly revealed that inhibition of CD18 and ICAM-1-dependent adhesive interaction with AH70 cells by the treatment with specific monoclonal antibodies significantly attenuates calcium mobilization in Kupffer cells after the coculture. Attenuating effects of TMB-8 on fluo-3 fluorescence, DCF fluorescence, DNA-protein binding assay, and NO production of Kupffer cells cocultured with AH70 cells support a scenario that calcium mobilization leads to oxyradical generation, oxidative NF-B activation, and NO production of Kupffer cells. This scenario was further supported by the present results that calcium ionophore A23187 increased fluo-3 and DCF fluorescences and NO production of Kupffer cells and the number of DNA-protein binding assay-positive Kupffer cells. Taken together, this study suggests that CD18/ICAM-1-dependent adhesive interaction with hepatoma cells stimulates calcium mobilization and subsequent oxyradical-mediated NF-B activation which leads to transcription of iNOS mRNA, iNOS induction, and NO production of Kupffer cells.
In our present experimental model using coculture system of rat Kupffer cells and AH70 cells, we have reported that Kupffer cell-derived NO also induces mitochondrial dysfunction (9, 10) and apoptosis (46) of hepatoma cells in vitro. We further demonstrated that the NO-dependent cell injury may occur in ex vivo model using isolated-perfused rat liver, in which AH70 cells are infused from the portal vein (47). Stadler et al. (48) and we (26) have reported that NO released from LPS-activated Kupffer cells causes mitochondrial dysfunction in cocultured hepatocytes. We further reported that it can be seen in isolated-perfused rat liver (26) (49) reported recently that the NO-dependent hepatocyte injury cannot be produced in the liver subjected to LPS infusion in vivo, because there are inhibitors and scavenging system such as hemoglobin. In addition, the endothelial cells exist between Kupffer cells and hepatocytes and may interrupt NO released from Kupffer cells. In contrast to the hepatocyte injury by LPS-activated Kupffer cells, NO production and release by Kupffer cells cocultured with hepatoma cells requires firm adherence via CD18 and ICAM-1, and it can be observed within the narrow sinusoidal lumen. In such a case, NO released from Kupffer cells may directly get into hepatoma cells without interacting with extracellular scavengers. Therefore, it is possible that NO released from Kupffer cells plays a cytotoxic role by inducing mitochondrial dysfunction and apoptosis of hepatoma cells not only in vitro but also in vivo.
